This study aimed to determine the prevalence of vitamin D deficiency and insufficiency and related risk factors among healthy adults in Luxembourg. Based on clinicians' observations, it was hypothesized that vitamin D deficiency and insufficiency might be common in our population, constituting a significant public health concern. A nationally representative random sample of 1432 adults was enrolled in the ORISCAV-LUX study, [2007][2008] and insufficiency, respectively. Inadequate vitamin D status is highly prevalent among adults in Luxembourg and is associated with specific lifestyle factors. Along with the effect of vitamin D deficiency and insufficiency on the risk of several diseases, cancer and mortality, our findings have practical implications for public health dietary recommendations, and of particular importance for healthcare practitioners and policy makers.
Introduction
During the last decade, there has been a growing interest in the beneficial effects of vitamin D on a wide range of health outcomes. It is well-recognized that this nutrient plays an important role in bone mineralization and other metabolic processes in the human body such as calcium (Ca) and phosphate homeostasis and skeletal growth [1] .
Serum 25-hydroxyvitamin D [25(OH)D] concentration is the parameter of choice for the assessment of vitamin D status; as it reflects vitamin D exposure, incorporating endogenous synthesis from solar exposure, dietary intake from foods, fortified products, and/or supplements [2] . Although there are some areas of debate in relation to vitamin D requirements and the impact of vitamin D intake and status on many aspects of human health, there is a general agreement that prevention of vitamin D deficiency and insufficiency should be considered as a public health priority [3] . Given its key role in skeletal health, adequate vitamin D status has important implications in bone loss, muscle weakness and falls and fragility fractures in older people. These are highly significant public health issues in terms of morbidity, quality of life and costs to health services.
In addition, a plethora of recent publications emphasized that vitamin D possibly plays a much broader role than simple beneficial effects on skeletal tissues. Latest evidence has suggested that low serum concentrations of 25(OH)D are associated with a number of non-skeletal disorders including cancer [4, 5] , infections [6, 7] , auto-immune diseases [8] and cardiovascular disease [9, 10] . Vitamin D supplementation might mitigate the incidence of these diseases and reduce all-cause mortality [11, 12] .
Vitamin D deficiency and insufficiency has been documented as a frequent public health problem in Europe and worldwide with striking geographical variations [3, [13] [14] [15] . At a global level, an estimated 1 billion people have inadequate levels of vitamin D in their blood, across all ethnicities and age groups [15] [16] [17] . In recent years, there have been several reports suggesting a high prevalence of low vitamin D intakes and an inadequate vitamin D status in Europe [3] .
Luxembourg is one of the few European countries without epidemiological evidence on the prevalence of vitamin D status and deficiency among the general adult population, however accurate assessment of the distribution of vitamin D status may help decision-makers to develop coherent and effective strategies for the prevention and treatment of inadequate vitamin D status.
Therefore, the aim of this study was to assess vitamin D status and prevalence of vitamin D deficiency and insufficiency in a national cohort of adults aged 18 to 69 years who participated in the ORISCAV-LUX study in [2007] [2008] . An additional aim was to examine determinants of vitamin D deficiency and insufficiency and compare prevalence estimates by demographic, socioeconomic factors and health conditions within this population. Based on clinicians' observations, it was hypothesized that vitamin D deficiency and insufficiency might be common in Luxembourg's population, thus constituting a significant public health concern.
Material and Methods

Study Design and Participants
The ORISCAV-LUX study was a nationwide population-based survey conducted in [2007] [2008] to determine the prevalence of potentially modifiable cardiovascular disease risk factors in adult population resident in Luxembourg. A detailed description of the methodology has been described elsewhere [18, 19] . Briefly, a representative sample of the national population was drawn from the national health insurance registry, stratified by gender (male and female), age (5-year categories) and districts of residence (Luxembourg, Diekirch and Grevenmacher). A total of 1432 non-institutionalized adults aged 18 to 69 years were successfully enrolled. Of these, blood specimens for analysis of serum 25(OH)D were available for 1352 people. However, the final sample available for analyses was made by 1335 subjects, after excluding 17 subjects taking vitamin supplements and missing data for body mass index (BMI) (1 subject), HDL-C (29 subjects) and self-perceived health (32 subjects).
Demographic Variables
Demographic details including age, sex, country of birth, economic status and educational attainment, were collected by trained research nurses using standardized questionnaires. These variables were categorized as follows: sex: men, women; age: 18-29 years, 30-49 years, 50-69 years; country of birth: Luxembourgish, Portuguese, other European, non-European; education: primary, secondary, tertiary level; income: living above, below poverty threshold. Further details regarding the collection of information on these variables have been published elsewhere [20] .
Lifestyle-Related Variables
Physical activity during the last 7 days before the interview was assessed using the International Physical Activity Questionnaire (IPAQ). The studied population was categorized into physically inactive and active [21] .
Height, weight and waist circumference (WC) were measured using standard procedures. BMI was calculated as weight in kg divided by height in m 2 . Participants with BMI below 18.5; 18.5-24.9;
25.0-29.9; ě30 kg/m 2 were considered as "underweight"; "normal weight"; "overweight" and "obese" subjects respectively. Abdominal obesity was defined as WC ě 102 cm for men and WC ě 88 cm for women [22] . Smoking status was categorized into "current smoker" vs. "ex-and never-smoker". High HDL cholesterol was defined as ě40 mg/dL for men and ě50 mg/dL in women [23] . The participants were asked to self-report their health as excellent, good, fair and poor. This variable was regrouped into: Excellent/good vs. fair/poor. Dietary intake data were collected using a validated self-administered semi-quantitative food frequency questionnaire (FFQ) [24] , including dairy intake in servings/day.
Vitamin D Measures
Blood was drawn from participants after an overnight fast (minimum 8 h), centrifuged and transported daily to the central laboratory. All the analyses for 25(OH)D were performed in the same laboratory using a COBAS e601 line with an Electro-Chemi-Luminescent-Immuno-Assay (ECLIA) kit (Roche Diagnostics, Rotkreuz, Switzerland). The measuring range extended from 7.5 to 175 nmol/L and functional sensitivity was at 10.0 µg/mL. In this laboratory, between-run precision at concentrations of 51.6 and 100 nmol/L was 6.2% and 5.7%, respectively.
Definition of Vitamin D Status
For international comparative purposes, we used cut-offs suggested by the International Osteoporosis Foundation to define different categories for vitamin D status. These levels were used to develop a worldwide map providing a global representation of vitamin D status [25, 26] 
Ethical Aspects
The present study was conducted according to the guidelines laid down in the Declaration of Helsinki, and all procedures involving human subjects were approved by the National Research Ethics Committee (N 200609/03) and the National Commission for Private Data Protection. Written informed consent was obtained from all the participants.
Statistical Analysis
Proportion of serum 25(OH)D levels <25, 25-49, 50-74 and ě75 nmol/L were computed and presented as a bar chart. Means (˘SE) of serum (OH) D levels by age, sex and country of birth were calculated. To account for the stratification of the survey design, weighted statistical methods were applied to produce nationally representative estimates. A sampling weight equal to the inverse probability of unit selection was allocated to each participant from the same stratum (defined with gender and age categories). This stratum sampling weight was defined as the ratio between the population stratum size and the observed sample stratum size.
Associations between the prevalence of vitamin D deficiency and insufficiency [serum 25(OH)D <25 nmol/L; <50 nmol/L, respectively] and a range of socio-demographic, behavioral, and clinical factors of interest were examined by using logistic regression. Vitamin D deficiency or insufficiency was considered as the dependent variable, while age, gender, education level, country of birth, smoking status, alcohol consumption, physical activity, dairy intake, abdominal obesity, global obesity, self-perception of health, and HDL-cholesterol level were the independent covariates. "Low risk" participants (younger age, women, Luxembourgish, living above poverty threshold, non-smokers, nondrinkers, physically active, excellent/good health perception, having no abdominal or global obesity, having high level of LDL-cholesterol, and increasing daily dairy intake) were considered as reference categories. Selection of variables in the multivariate logistic regression analyses was based on a literature review, scientific biological rationale and on statistical criteria (variables showing p < 0.05 in univariate models). Interactions between age (in years) and the others variables included in the multivariate model were all not significant and thus not included in the final model.
Several sensitivity analyses were performed to confirm the robustness of the presented findings. Results were considered significant at the 5% critical level (p < 0.05, 2 sided). All statistical analyses were performed using PASW for Windows version 21.0 software (formerly SPSS Statistics, Inc. Quarry Bay, Hong Kong) and survey procedure for complex sampling designs.
Results
Vitamin D Status
Figure 1 depicts total, sex-and age-specific prevalence of different categories of vitamin D status. Overall, only 17.1% of the population had a "desirable" serum 25(OH)D level >75 nmol/L, whereas 27.1%, 40.4% and 15.5% had "inadequate", "insufficient" and "deficient" levels, respectively. There was no age-or sex-specific difference in vitamin D status (p = 0.20, p = 0.053, respectively).
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Results
Vitamin D Status
Figure 1 depicts total, sex-and age-specific prevalence of different categories of vitamin D status. Overall, only 17.1% of the population had a "desirable" serum 25(OH)D level >75 nmol/L, whereas 27.1%, 40.4% and 15.5% had "inadequate", "insufficient" and "deficient" levels, respectively. There was no age-or sex-specific difference in vitamin D status (p = 0.20, p = 0.053, respectively). . Concerning vitamin D deficiency, the prevalence was greater among current smokers compared to non-smokers (22.7% vs. 13.4%). Regardless of age and sex, current smokers were about two times as likely of having a vitamin D deficiency compared to non-smokers (age and sex-adjusted OR = 1.88; 95%CI 1.35-2.63; p = 0.0002). Likewise, abdominally obese subjects, and those having reduced HDL level were at higher odds of vitamin D deficiency than their counterparts (age and sex-adjusted OR = 1.44; 95%CI 1.05-1.99, p = 0.021; and OR = 1.54; 95%CI 1.05-2.26, p = 0.026, respectively). Interestingly, subjects who self-perceived their health as fair/poor had significantly higher odds of having vitamin D deficiency than those who self-rated their health as excellent/good, irrespective of their age and sex (age and sex-adjusted OR = 1.74; 95%CI 1.28-2.36, p = 0.0005).
Prevalence of Vitamin D Deficiency and Insufficiency by Risk Factors
Considering vitamin D insufficiency, in addition to the previous factors (smoking status, abdominal obesity, high HDL level and health perception), the prevalence was significantly different according to country of birth, alcohol consumption and obesity status. Participants from non-European countries were at higher odds compared to Luxembourgers (age and sex-adjusted OR = 1.65; 95%CI 1.002-2.74, p = 0.02), likewise abdominally obese compared to subjects with normal WC (age and sex-adjusted OR = 1.71; 95% CI 1.33-2.20, p > 0.0001). Irrespective of age and sex, alcohol drinkers were at lower odds of having vitamin D insufficiency than non-drinkers (age and sex-adjusted OR = 0.72; 95%CI 0.53-0.97, p = 0.03) ( Table 1 ).
Independent Correlates to Vitamin D Deficiency and Insufficiency
Respectively, Tables 2 and 3 Table 3) . In case of vitamin D insufficiency, increased age was significantly associated with lower odds (OR = 0.99; 95%CI 0.98-0.99, p = 0.023), whereas obesity, defined as BMI > 30 kg/m 2 , increased two-fold the odd ratio of vitamin D insufficiency (fully adjusted OR = 1.94; 95%CI 1.29-2.93). After full adjustment, the association between alcohol consumption and vitamin D insufficiency became non-significant (Table 3) . 
Discussion
Vitamin D deficiency and insufficiency have been documented as a frequent public health problem in Europe and worldwide. This is the first nationwide study to describe the epidemiology of vitamin D status by comparing the prevalence of vitamin D deficiency and insufficiency by a range of socio-demographic, behavioral, and clinical characteristics among healthy adults living in Luxembourg.
Our findings indicate that vitamin D status in Luxembourg is alarming, as more than 80% of adults have inadequate levels of vitamin D [25 (OH)D less than 75 nmol/L], including 40% of people with insufficient level (<50 nmo/L) and 15% with an overt deficiency of less than 25 nmol/L. Serum 25(OH)D concentrations lower than 25 nmol/L has been reported in 2%-30% of European adult populations, particularly in some ethnic groups and up to 80% in older institutionalized subjects [15, 26] . The great variations in published data make direct international comparisons difficult, not only because of important methodological differences with respect to the characteristics of the target population, the study design, the sample selection, and the year of conduct, but also due to the variety of cut-off points being used in European population studies [25] . Nevertheless, our national population-based data are in line with previous studies and provide compelling evidence that inadequate vitamin D status is a prevailing and neglected public health problem in Luxembourg, particularly among smokers and obese subjects.
Despite emergent research on vitamin D status and its implications in a broad range of skeletal and non-skeletal diseases, the blood levels of 25(OH) D that define vitamin D deficiency or insufficiency remain a matter of debate. There is no international agreement as to what the optimal serum 25(OH)D concentration should be for human health. While there is a general European consensus that blood 25(OH)D levels below 25 nmol/L (or 10 ng/mL) qualify as "deficient" [3] , recent American guidelines suggest however that concentrations <50 and <75 nmol/L represent vitamin D deficiency and insufficiency, respectively [27] . Additionally, the American Institute of Medicine have recently stated that a level of 50 nmol/L meets the needs of 97.5% of the population across all life-stage groups, and the IOM report classifies levels <30 nmol/L as deficient [2] . Indeed, studies in North America used significantly higher values to define inadequate vitamin D status than in Europe, which could be explained by the routine fortification of several foods in the US (e.g., milk) [3] . In the present study, we used the European normative values to define vitamin D status and deficiency, as low vitamin D status, particularly at levels below 25 nmol/L, is well recognized to have clinically adverse effects on musculoskeletal health in adults, including osteomalacia, proximal myopathy, secondary hyperparathyroidism and osteoporosis [13, 27] . It should be stressed that vitamin D deficiency is easily treatable, so high prevalence of vitamin D deficiency or insufficiency is unacceptable in our country.
There are a number of potential factors that may have contributed to the relatively high prevalence of vitamin D deficiency and insufficiency among adults in Luxembourg. Compared to normal weight subjects, the prevalence of vitamin D deficiency [serum 25(OH)D level <25 nmol/L] was greater among underweight and obese subjects, and they were significantly at higher odds, after adjustment for age and sex. Likewise, abdominally obese subjects were at higher odds for vitamin D deficiency than non-abdominally obese subjects. However, these associations became non-significant after adjustment for other confounding factors, in the multivariate model. Adiposity is a well-known risk factor for vitamin D deficiency [28, 29] . Although the explanation for the increased risk of vitamin D deficiency in obesity is unclear, it has been postulated that obese individuals tend to be less active and may avoid exposure to solar ultraviolet (UV) radiation, which is indispensable for the cutaneous synthesis of vitamin D3 [30] . Alternatively, it has been suggested that the metabolic clearance of vitamin D may increase in obesity, possibly with enhanced uptake by adipose tissue [31] .
Regarding lifestyle characteristics, univariate and multivariate analysis demonstrated that the odds for vitamin D deficiency increased significantly and independently among smokers compared to non-smokers. Smokers were at two-fold odds to have deficiency compared to non-smokers. These findings are consistent with previous studies [32, 33] . Literature has shown that an increased bone loss was registered in smokers [34] , and tobacco smoking was associated with a low bone mass and an increased risk of osteoporotic fracture [35] . Brot et al. demonstrated that smoking has a significant effect on calcium and vitamin D metabolism, irrespective to confounding lifestyle factors [32] . Several hypotheses have been suggested concerning the mechanisms by which smoking affects vitamin D metabolism and hence bone health; the main focus being on the anti-estrogenic effect [32] . Smokers have reduced levels of circulating estrogens due to an increased hepatic turnover [36] , resulting hence in an increased early bone loss [32] . Other lifestyle factors are more prevalent among smokers compared to nonsmokers such as less outdoor physical activity [37] , and less compliance to dietary recommendations [38] , with related nutritional deficiencies, all of which might play a role. Additionally, a direct toxic effect of tobacco smoking on bone cells is also a possibility [39] .
Although the mechanisms driving the association are still unknown, epidemiologic evidence has shown there is an inverse relationship between circulating levels of 25(OH)D and cardiometabolic-risk biomarkers [40] , including lipid biomarkers [41, 42] . Numerous studies have shown that high serum concentrations of 25(OH)D are associated with favorable lipid profiles [43] . Consistently, our study showed an association between an increased risk of low 25(OH)D levels in participants with low HDL-C levels (F < 50, M < 40 mg/dL). This association did, however, vanish after further adjustment for demographic, socio-economic, dietary and lifestyle factors. Indeed, we cannot rule out that the positive associations between vitamin D and some lipid parameters may be biased by outdoor activities. From a public health standpoint, these findings are of significance, as they stress the need to promote sensible and moderate sun exposure, which represents the most important natural source of vitamin D [44, 45] . Although vitamin D can be supplemented, the most cost-effective prevention strategy should focus on regular weekly UVB exposure, rather than supplement use/food fortification to improve vitamin D status. Additionally, the impact of correcting vitamin D deficiency on blood lipids (strong cardiovascular disease prognostic factors) has not yet been established. To date, it is still unknown whether low vitamin D levels cause cardiovascular disease or whether vitamin D status is simply a marker of health [46] . This is relevant for practitioners and the general population because of the increasing consumption of pharmacological doses of vitamin D sold over the counter [43] . The association of vitamin D deficiency with an unfavorable lipid profile has not been replicated in prospective studies. A recent longitudinal analysis showed that increasing 25(OH)D levels from the deficient to the optimal range (repletion group) compared with remaining in the deficient range (control group) was associated with small and clinically minimal effects on total cholesterol (0.8-mg/dL increase) and HDL cholesterol (0.4-mg/dL increase) and no significant changes in LDL cholesterol or triglycerides levels [43] . Failure to demonstrate significant improvements in these lipid parameters, suggests that correcting vitamin D deficiency with dietary supplements might not translate into clinically meaningful changes in lipid concentrations [43] . Data from intervention trials are required to confirm these findings. Kazlauskaite and colleagues [47] suggested that vitamin D may protect against cardiovascular risk by promoting formation of large HDL 2 particles, affecting reverse cholesterol transport, which is an important atheroprotective HDL particle function [48] . However, epidemiological data are conflicting as other studies have suggested that higher small dense HDL 3 -C levels are most strongly associated with lower risk [49] [50] [51] . Most recent research indicated that low HDL 3 , but not HDL 2 or HDL cholesterol is associated with an increased risk for long-term hard clinical events [52] . These studies varied in design, adjustment for confounders, and methods for HDL subclass separation and quantification. Unfortunately, data on HDL-C sub classification were not available in the present study.
Our findings indicated a statistical borderline relationship (p = 0.061) with self-perceived health, suggesting that vitamin D deficiency may also represent a marker of poor general wellbeing, that is, people with undetected disease conditions may experience lower vitamin D status as a consequence of their poor health.
Several strong points characterize the study. First, the recruitment of a large nationwide, population-based, representative sample of apparently healthy adults in Luxembourg. Second, a detailed study of non-participants showed that the demographic and clinical characteristics of the ORISCAV-LUX participants were comparable with those of non-participants, hence ruling out the possibility of selection bias in our study population [19] . Third, the data were weighted to provide population-representative prevalence estimates. Fourth, the assessment of 25 (OH) D was done in one central laboratory using the same methodology. Additionally, the ORISCAV-LUX measured a large set of potential related risk factors that have been rarely investigated in similar studies. We trust that our findings contribute to filling gaps on the worldwide map examining heterogeneities in vitamin D status [53] .
However, similar to most of the population-based studies, the ORISCAV-LUX survey has some limitations, related mainly to the cross-sectional design which precluded any conclusion on causal relationship between vitamin D deficiency or insufficiency and the identified correlated factors. Second, no information was available on sun exposure practice, including time spent outdoors or sunscreen use. Consistent with most previous studies, there was a significant seasonal variation in 25-hydroxyvitamin D level. However, recruitment was conducted over a period of 15 months, between November 2007 and January 2009, which allowed balance in the effect of seasonal variability. Additionally, there were no changes in the current findings and the final conclusion after performing a sensitivity analysis by introducing this variable in the multivariable model (data not shown in this manuscript).
Conclusions
Our data demonstrates a high prevalence of vitamin D deficiency and insufficiency in otherwise healthy adults in Luxembourg. The prevalence was particularly high among young adults, smokers and obese subjects. Along with the effect of vitamin D deficiency and insufficiency on the risk of several diseases, cancer and mortality, our findings have practical implications for public health dietary recommendations. Vitamin D deficiency can be effectively treated through oral repletion. Vitamin D fortification and supplementation may represent a cost-effective public health strategy to tackle the deficiency and to maintain healthy bone density, lower risk for fractures and improve global human health. However, data from intervention trials are required to confirm the purported benefits of vitamin D repletion on the lipid profile inferred from cross-sectional studies [43, 46] . With increasing consumption of pharmacological doses of vitamin D sold over the counter, our findings are of particular importance for healthcare practitioners and policy makers. Vitamin D deficiency represents the tip of the iceberg of inappropriate vitamin D status. From a public health perspective, this study provides an overview of vitamin D status in Luxembourg, and a basis for evaluating whether measures for improving deficiency and insufficiency should be taken. Acknowledgments A.A. is supported by a grant from the FNR (Fond National de Recherche) for the project DIQUA-LUX, 5870404), Luxembourg.
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